Currently under active study in condensed matter physics, both theoretically and experimentally, are quantum spin liquid (QSL) states, in which no long-range magnetic ordering appears at low temperatures due to strong quantum fluctuations of the magnetic moments. The existing QSL candidates all have their intrinsic disadvantages, however, and solid evidence for quantum fluctuations is scarce. Here we report a new compound, Na 2 BaCo(PO 4 ) 2 , a geometrically frustrated system with effective spin-1/2 local moments for Co 2+ ions on an isotropic two-dimensional triangular lattice. Magnetic susceptibility and neutron scattering experiments show no magnetic ordering down to 0.05 K. Thermodynamic measurements show that there is a tremendous amount of magnetic entropy present below 1 K in zero applied magnetic field. The presence of localized low-energy spin fluctuations is revealed by inelastic neutron measurements. At low applied fields, these spin excitations are confined to low energy and contribute to the anomalously large specific heat. In larger applied fields, the system reverts to normal behavior as evident by both neutron and thermodynamic results. Our experimental characterization thus reveals that this new material is an excellent candidate for the experimental realization of a quantum spin liquid state. The experimental search and verification of theoretically predicted quantum spin liquids (QSLs) is challenging, especially because there is no universally accepted evidence to support such exotic quantum states. At present, broad continuous magnetic excitations, i.e. a spinon continuum, observed via inelastic neutron scattering, is considered as the most crucial evidence for a QSL, as described in many studies on the existing QSL candidates. However, as another potential origin of such broad spin excitations, disorder effects in those candidates cannot be neglected. Here we present a new compound with a Co-based triangular lattice that is structurally perfect and without intrinsic disorder. We present experimental results that suggest that this new compound is an ideal QSL candidate for future studies.
INTRODUCTION
A quantum spin liquid (QSL) is a unique type of spin liquid where strong quantum fluctuations prevent spins from ordering, which thus remain in a disordered liquid-like state even near absolute zero 1,2 . Previous studies have shown that QSL states tend to emerge in lowspin geometrically frustrated systems, in which the interactions among the limited magnetic degrees of freedom are restricted by crystal geometry. This leads to a strong enhancement of quantum fluctuations 3 . Several compounds with geometrically frustrated lattices have been proposed as QSL candidates [4] [5] [6] [7] [8] . At present, the most widely accepted evidence for the QSL state is a broad continuous magnetic excitation observed in inelastic neutron scattering (INS) 6-8 believed to be associated with the fractionalized quasiparticles, spinons, that are expected for a QSL state 2 . Structural disorder and anisotropic spin interactions due to sitemixing or lattice distortions in QSL candidates often result in a spin glass or magnetically ordered ground state, however, which can give rise to an impostor spin-liquid-like state 9 and produce a broad continuum in INS 10 . Unfortunately, the problem of site-mixing or lattice distortion in the existing QSL candidates cannot be neglected [11] [12] [13] . Similar fractionalized excitations have also been seen in Cs 2 CuCl 4 14 and Ba 3 CoSb 2 O 9 15,16 but those materials are known to have magnetically ordered states at low temperature 15, 17 . Thus all of the above materials evoke skepticism about whether the observation of a broad continuum feature in the INS can be uniquely attributed to the QSL state. Thus when looking for a more robust characterization of the QSL state, a new ideal candidate with no disorder, isotropic magnetic exchange coupling, and a well-defined crystal structure is a necessary but challenging goal to pursue.
Here we propose a new quantum spin liquid compound, Na 2 BaCo(PO 4 ) 2 , in which Co
2+
with effective S=1/2 resides on a geometrically frustrated triangular lattice. A significant advantage of this material is that it does not display any significant site-mixing or lattice distortions -the magnetic Co 2+ ions constitute isotropic triangular lattice layers with simple packing. Further, single crystals can be grown. dc magnetic susceptibility and elastic neutron scattering experiments reveal no long-range magnetic ordering down to 0.3 K in the presence of antiferromagnetic interactions on the order of 32 K. In addition, ac magnetic susceptibility measured down to 0.05 K indicates no spin glass transition. The magnetic specific heat on a single crystal reveals the presence of a large magnetic entropy at low temperature. INS measurements indicate the presence of strong localized magnetic fluctuations, which are nearly temperature-independent and have exotic behavior under a magnetic field.
These observations indicate that this new material is an excellent QSL candidate.
RESULTS
Pink single crystals of Na 2 BaCo(PO 4 ) 2 harvested from flux method growths have a layered morphology with hexagonal faces, shown in Figure 1E . Single-crystal X-ray diffraction (XRD) data for Na 2 BaCo(PO 4 ) 2 indicate a trigonal crystal structure, space group P3m1, with lattice constants of a = b = 5.3185(1)Å and c=7.0081(1)Å. Detailed crystal data
and crystal structure refinement results are presented in Tables 1&2. A similar structure has been reported for several Na 2 BaM (VO 4 ) 2 (M = Ni, Co, Mn, and Fe) compounds 18, 19 , while the Na 2 BaCo(PO 4 ) 2 compound studied here is reported for the first time. Because of the distinct difference in the constituent atoms charge and ionic size, disorder due to the site-mixing is a-priori expected to be negligible, as is shown to be the case in the structural refinements (Table 2) . Further, the single crystal refinement indicates the material is stoichiometric, with a simple whole number ratio of constituents. Schematic plots of the crystal structure are shown in Fig. 1A , C, and D. The Curie-Weiss law was applied to fit the susceptibility from 200 K to 300 K without including a Pauli susceptibility χ 0 . From the fits, we find Θ CW,⊥ = -31.9 K, µ ef f,⊥ = 4.96 µ B , and Θ CW, = -32.6 K,µ ef f, = 5.87 µ B for the magnetic field applied perpendicular and parallel to the c-axis, respectively, indicating that the antiferromagnetic interactions dominate. The large effective moment suggests a nonnegligible orbital contribution to the magnetic moment. Using these fitted Θ CW values, we estimate the exchange interaction constant J/k B to be 21.4 K 10, 22 . Despite the expected difference in the exchange coupling based on the crystal structure, the magnetic anisotropy is significant but not large, further confirmed by the field-dependent magnetization shown in the inset of Figure 2A . Due to the nearly isotropic magnetization in response to field, the sample orientation under field is only a minor factor in the subsequent physical measurements.
Neutron powder diffraction data obtained at 0.3 K and 10 K provide more information about the magnetic characterization of the new compound. From the above dc susceptibility results, the system is far from ordering at 10 K. By comparing the neutron diffraction peaks In Fig. 3A we present the specific heat C p down to 0.35 K for a Na 2 BaCo(PO 4 ) 2 single crystal. Under zero field, neither a peak, as would be expected for a well-defined magnetic phase transition, nor a broad hump, as would be typical for a spin glass system 10,13,24 is observed, consistent with all our other data. For applied field above 3 T, there is still no evidence of long-range magnetic ordering but instead a broad peak appears. This broad hump is associated with Schottky anomaly that shifts to higher temperatures at higher fields.
A dramatic transition in behavior is found at a critical field, denoted as H * , around 2∼3
T. A single crystal of the nonmagnetic isostructural analogue Na 2 BaMg(PO 4 ) 2 was used for subtraction of phonon contribution to the total heat capacity, allowing us to calculate the magnetic specific heat Cm for Na 2 BaCo(PO 4 ) 2 , as shown in Fig. 3B . The upturning feature that appears at the lowest temperatures in C m /T for Na 2 BaCo(PO 4 ) 2 is unexpected. A similar upturning feature found in some materials 4, 25, 26 has been attributed to a nuclear Schottky contribution arising from the nuclei of the constituent atoms. In our case, however, we rule out this possibility by separately measuring the specific heats of the related materials Na 2 BaMg(PO 4 ) 2 (Fig. 3C ) and BaCo 2 As 2 O 8 down to 0.35 K (Fig. 3D ). These materials contain all the atoms (and their nuclei) that are present in Na 2 BaCo(PO 4 ) 2 but do not show this feature in the studied temperature range. In addition, the magnitude of the measured magnetic specific heat for Na 2 BaCo(PO 4 ) 2 in this temperature range is several orders of magnitude larger than that of a nuclear Schottky contribution 4, 25, 26 , which further indicates that there is a tremendous amount of magnetic entropy present at low temperatures in this new material. To determine the magnetic entropy ∆S m , we first interpolated the curve of C m /T vs. T to 0 K and then performed the integration. Due to the upturning feature at the lowest temperature, the integration for magnetic entropy is not complete. In fact, for a S=1/2 QSL system, the expected total magnetic entropy should reach to exactly Rln2 (R = the ideal gas constant). Nevertheless, the obtained magnetic entropy for zero field reaches only 0.71Rln2 by 30 K. The difference between this value and Rln2 indicates that more magnetic entropy is present below 0.3 K. By applying a field larger than 4 T, conventional thermodynamic behavior returns, giving rise to a total entropy that is precisely Rln2 (inset of Fig. 3B , selected field are presented for clarity).
Characteristic signatures for strong quantum fluctuations are observed in inelastic neutron scattering measurements on the powder sample. Low energy (1 meV) scattering intensities measured with or without an applied magnetic field at 10 K are shown in Fig. 4A . We see similar intensities over the Q range we measured and the magnetic excitation intensities show no significant Q dependence. Having a relatively flat Q-dependence implies that these intensities are related to fluctuations localized in real space, possibly due to strong frustration in the system. While these intensities do respond to an external magnetic field, it is evident that these are indeed localized spin fluctuations.
We now focus on the temperature and field dependence of the magnetic excitations seen by quasielastic neutron scattering at an arbitrary position in scattering space, Q = 1.276 The energy resolution of the SPINS instrument is not enough to cleanly separate the inelastic magnetic excitations from the elastic background. Nonetheless, the magnetic field response of these low-energy spin excitations at both 0.3 K and 10 K reflects the inelastic nature of the scattering. At 0.3 K (Fig. 4D) , the spectrum is dominated by excitations from the ground state to the excited state and thus we only see intensities on the neutron energy loss side (positive energy side); while at 10 K (Fig. 4E ) , the excited state becomes populated and the spectrum also includes intensities coming from the energy gain side (negative energy side). The relative intensities follow the detailed balance principle S(Q, − ω)
The splitting observed at high field is likely of a conventional Zeeman type. Note that at higher fields in both temperatures, when the quasi-elastic spin excitation peak shifts away from the elastic background to higher energy, the remaining elastic feature Interestingly, the exotic nonlinear field response agrees well with the specific heat measurements. At fields less than H * , one still observes a non-zero specific heat response at the lowest temperature. It is reasonable to expect that with no applied magnetic field or small field, the quantum spin fluctuations are "forced" into the low energy (¡ 0.2 meV) channels, and therefore contribute to the anomalous specific heat in this quantum spin liquid. Only with large field when the conventional Zeeman splitting behavior dominates, these spin excitations can be shifted to higher energies, and the specific heat of the system reverts back to normal behavior.
From the energy-integrated intensity of the spin excitations seen in the neutron scattering data, one can perform an absolute normalization to determine the size of spin fluctuations 30 .
The calculated fluctuating moment is then m = g S(S + 1) = 1.52µ B /Co 2+ indicating strong magnetic fluctuations compared to the total local moment. This also provides an independent estimation of the effective magnetic moment S = 1/2. We note that the integrated intensities of spin excitations at different temperatures and fields are comparable, indicating that most of the spin fluctuation spectral weight is confined to low energy, and shifts to higher energies at sufficiently high applied field. 
MATERIALS AND METHODS

Materials synthesis
Single crystals of Na 2 BaCo(PO 4 ) 2 for dc susceptibility, specific heat and thermal conduc- Polycrystalline Na 2 BaCo(PO 4 ) 2 samples for ac susceptibility and neutron scattering were prepared by a solid-state reaction: a stoichiometric mixture of the above starting materials was ground together with a catalyst NH 4 Cl (1:0.5 in molar ration), sintered in air, in stages, to 700
• C for 24 hrs.
Single-crystal X-ray diffraction measurements and refinements
The crystal structure of the title compound was determined by single crystal X-ray Diffraction. The diffraction data were collected at 298(2) K with a Kappa Apex2 CCD diffractometer (Bruker) using graphite-monochromated Mo-Kα radiation (λ = 0.71073Å).
The raw data were corrected for background, polarization, and the Lorentz factor and multiscan absorption corrections were applied. Finally, the structure was analyzed by the Intrinsic Phasing method provided by the ShelXL structure solution program 31 and refined using the ShelXL least-squares refinement package with the Olex2 program 32 . The ADDSYM algorithm in program PLATON was used to double check for possible higher symmetry 33 .
Magnetization and thermodynamic measurements
The dc magnetic susceptibility was measured in a physical property measurement system (PPMS) that cooled to 1.8 K (PPMS-DynaCool, Quantum Design). The ac susceptibility measurements on a polycrystalline pellet sample were conducted in a Quantum Design PPMS DynaCool with a dilution refrigerator insert (ACDR measurement option) allowing for a measurement down to 0.05 K. Specific heat was measured in a PPMS equipped with a 3 He inset. All heat capacity measurements were carried out with external magnetic field applied parallel to the c axis of a single crystal.
Neutron-scattering measurements
Elastic and inelastic neutron scattering experiments were performed on the NG5-Spin Polarized Inelastic Neutron Spectrometer (SPINS), a cold neutron source located at the NIST center for Neutron Research. The 25-g powder sample was tightly packed into an aluminum sample holder, which was then mounted in a closed-cycle refrigerator (CCR) equipped with a 3 He insert for cooling. Before the measurements at a particular temperature, we held the system at temperature overnight to guarantee a homogeneous temperature of our powder sample. The collimators used for this experiment were Guide-80-80-open, with a fixed incident energy of 5 meV (λ=4.045Å). Energy resolution was about 0.3 meV under current settings. The wave vector Q is expressed as |Q| =2|k i |sin2θ, where 2θ is the angle between the incident and the final beam.
Data Availability
The crystal structure information is available in the CSD database, number 1866950. The physical property and neutron scattering datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request. 
